Both the cleaved product (soluble ICAM-5, sICAM-5) and remaining transmembrane ICAM-5 fragment have been implicated in varying downstream effects. 6 For instance, MMP-2 and -9 mediated cleavage of ICAM-5 results in both filopodial elongation and spine maturation 3,4 and sICAM-5 has been shown to interact with receptor complexes on neighboring structures both pre-and postynaptically. [3] [4] [5] [7] [8] [9] [10] Previously, we used immunocytochemical electron microscopy (EM) to determine ICAM-5 expression and localization within the neuropil in vivo in mice with and without MMP-9 expression. Our results confirm previous reports showing postsynaptic expression of ICAM-5 and additionally reveal an unexpected expression in glia. We also show changes in ICAM-5 expression in MMP-9 null animals suggesting a role for this extracellular protease in the developmental processing of ICAM-5. Here we extend these findings to show that ICAM-5 expressing elements preferentially contact synaptic structures, regardless of MMP-9 expression. These findings shed light on the possible modes of ICAM-5 signaling in the developing brain.
The intercellular adhesion molecule 5 (ICAM-5; Telencephalin) is a dendrite-specific cell adhesion molecule 1, 2 postulated to regulate dendritic morphology and function. ICAM-5 is cleaved by multiple matrix metalloproteinases (MMPs) including MMP-2, -9 3 as well as MMP-3, -7.
4,5
Both the cleaved product (soluble ICAM-5, sICAM-5) and remaining transmembrane ICAM-5 fragment have been implicated in varying downstream effects. 6 For instance, MMP-2 and -9 mediated cleavage of ICAM-5 results in both filopodial elongation and spine maturation 3, 4 and sICAM-5 has been shown to interact with receptor complexes on neighboring structures both pre-and postynaptically. [3] [4] [5] [7] [8] [9] [10] Previously, we used immunocytochemical electron microscopy (EM) to determine ICAM-5 expression and localization within the neuropil in vivo in mice with and without MMP-9 expression. Our results confirm previous reports showing postsynaptic expression of ICAM-5 and additionally reveal an unexpected expression in glia. We also show changes in ICAM-5 expression in MMP-9 null animals suggesting a role for this extracellular protease in the developmental processing of ICAM-5. Here we extend these findings to show that ICAM-5 expressing elements preferentially contact synaptic structures, regardless of MMP-9 expression. These findings shed light on the possible modes of ICAM-5 signaling in the developing brain.
We identified and quantified the structures that surround ICAM-5 labeled profiles in wildtype (WT; Figure 1 ) and MMP-9 knockout (KO) mouse visual cortex (Fig. 2) using immnoperoxidase staining and electron microscopic analysis. Classification of labeled ICAM-5 (+) structures and their surrounding elements has been previously described ( structures were contacted by dendritic protrusions (dp; 37% of all interacting structures), axonal terminals (t; 27%), and dendrites (d; 12%), as well as astrocytes (a; 12%). ICAM-5 labeled structures were rarely contacted by microglial processes (m; 2%) possibly due to the low density of these dynamic structures in the neuropil or to the difficulty in identifying them positively without immunostaining for a microglial marker (Fig. 1B) . At P28, ICAM-5 immunopositive elements had similar contacts, however, there were significantly more neighboring dendrites (20%; Two-way ANOVA; Bonferronni multiple comparisons; P < 0.01). ICAM-5 immunoreactivity was predominantly found in dendritic protrusions and dendritic shafts from P14 to P28 in WT mice. 11 We sought to investigate the relationship between these specific profiles and their neighboring contacts ( Fig. 1C-D) . At P14, ICAM-5 labeled dendritic protrusions and dendrites behaved similarly and made preferential contacts with dendritic protrusions and axon terminals (Oneway ANOVA, Bonferroni multiple comparisons, P < 0.05-0.001), although labeled dendrites made significantly more contacts with dendritic protrusions (P < 0.001; Two-way ANOVA, Bonferroni multiple comparisons) and axonal terminals (P < 0.01; Twoway ANOVA, Bonferroni multiple comparisons; Figure 1C and 1D; WT P14 "dp" contacts vs "d" contacts) than did dendritic protrusions. By P28 both dendritic protrusions and dendrites had significantly fewer contacts with dendritic protrusions than at P14, but not with axonal terminals ("dp" contacts = P < 0.05; "d" contacts = P < 0.01; Figure 1C 
-D).
We next assessed the profile of neighboring contacts to ICAM-5 immunopositive elements in MMP-9 KO cortex (Fig. 2) . Whereas in WT mice we noted a significant increase in ICAM-5-immunoreactive elements making contact with dendrites at P28 compared with P14 (Fig. 1B) , we instead found a significant increase in axonal terminal contact and a decrease in astrocytic contact between P14 and P28 in MMP-9 KO mice ( Fig. 2A) . The contact profiles for individual elements at P14 (Fig. 2B) and P28 (Fig. 2C) were however similar to those observed in WT mice ( Fig. 1C and 1D) ; all immunoreactive dendritic protrusions and dendrites made preferential contacts with dendritic protrusions and axon terminals at both ages and this effect was more pronounced for dendrites than dendritic protrusions. The decrease in contact with dendritic , dendritic shafts (purple), dendritic protrusions (yellow), astrocytes (green). Abbreviations: ?, unknown/ unidentifiable element; d, dendrite; dp, dendritic protrusions; t, terminal; e, extracellular space; m, microglia; a, astrocyte. * = P < 0.05, ** = 0.01, *** = P < 0.001, **** = P < 0.0001.
protrusions at P28 seen in the WT animals was not observed in MMP-9 KOs.
We have shown previously that ICAM-5 immunoreactivity is found preferentially in dendritic protrusions during early development and is redistributed to the dendritic shaft as the dendrite matures.
11 ICAM-5 cleavage is regulated by MMPs whereby the ICAM-5 ectodomain is shed and binding to neighboring substrates triggers downstream signaling events. [3] [4] [5] 7, 8, 10, 12 Understanding the ultrastructural environment surrounding ICAM-5 immuno-positive structures could shed light on preferential signaling partners for ICAM-5 expressing structures. We found small changes in the elements that contacted ICAM-5 immunolabeled structures during the time that ICAM-5 is developmentally regulated. At P14, when ICAM-5 immunoreactivity is most prevalent in dendritic protrusions, these elements are contacted preferentially by axon terminals and neighboring protrusions. As the brain develops, ICAM-5 labeled elements are largely surrounded by dendritic shafts as well as axonal terminals and dendritic protrusions suggesting additional potential developmental partners for extracellular ICAM-5 signaling. These changes are small in magnitude and the consistency of the environs of ICAM-5 labeled structures, despite shifting ICAM-5 expression and on-going brain development, suggests a relatively uniform set of signaling partners for ICAM-5. The apposition of ICAM-5 labeled elements with dendritic and axonal profiles may allow binding to the α5β1 integrin in both pre and postsynaptic membranes, 9 leading to synaptic maturation. sICAM-5 may also have a role in activating this pathway. 4, 9 In the absence of MMP-9, ICAM-5 immuno-reactive elements make significantly more contacts with axonal terminals. This is especially apparent at later time points (P28) when presumed uncleaved ICAM-5 remains in dendritic protrusions rather than redistributing to dendritic shafts. 11 Recent findings suggest that ICAM-5 might associate with presynaptically located β1 integrin during early phases of synapse formation (nascent synapses). 9 Furthermore, it is thought that the ICAM-5/ β1 integrin interaction at this junction may promote filopodial elongation or maintain the morphology of thin protrusions before they develop into mature spines. 9 In the absence of MMP-9, the enhanced apposition of presynaptic elements may be due to such an interaction which maintains synapses in an immature state or serve a compensatory role increasing pre and postsynaptic associations.
As a technical consideration, it is important to note that immunoperoxidase staining was chosen for this analysis considering its exceptional sensitivity of immunodetection, compared with immunogold labeling. 13 Because of the diffusion of the DAB product, this Figure 2 . Quantitative analysis of neighboring contacts made onto icAm-5 labeled elements in mmP-9 KO P14 and P28 mouse visual cortex (A) the percent of neighboring contacts onto icAm-5 labeled elements showed a high proportion of dendritic protrusions and terminal contacts at P14 and P28. (B) the average number of contacts onto immunoreactive dendritic protrusions at P14 and P28 in mmP-9 KO mice. (C) the average number of contacts onto immunoreactive dendritic shafts at P14 and P28 in mmP-9 KO mice. A total of 3 animals (1,000 μm 2 of neuropil/animal) at P14 (~200 elements/animal) and P28 (~200 elements/animal) were analyzed. Abbreviations: ?, unknown/ unidentifiable element; d, dendrite; dp, dendritic protrusions; t, terminal; e, extracellular space; m, microglia; a, astrocyte. ** = 0.01, **** = P < 0.0001.
analysis is not necessarily indicative of direct contact between ICAM-5 and surrounding structures, but instead gives an idea of the environment of ICAM-5 labeled elements. Future experiments, implementing immunogold dual labeling for ICAM-5 and potential binding/ signaling partners, are necessary. These preliminary data are informative, however, because they suggest that as ICAM-5 expressing dendrites and protrusions mature their extracellular environment remains similar.
Material and Methods
Method details can be found in ref. 11 . Briefly, 40,000X pictures were taken in layer II of V1 in 3 animals per condition at the tissue-resin border (total surface ~1,000 μm2 of neuropil per animal). To determine the average number of contacts made per ICAM-5 labeled element we calculated the total number of contacts with individual labeled element types per animal and divided that number by the total labeled element number. This was averaged across all animals in each condition.
Cellular profiles were identified using criteria previously defined in singleultrathin sections 15,20-22 as outlined below. Subcellular profiles that were difficult to identify were labeled "unknown." Dendrites had irregular contours, elongated mitochondria in parallel with their central axis, frequent protuberances and synaptic contacts with axon terminals. Transverse dendrites showed rounded morphology, mitochondria, microtubules, and a larger diameter than unmyelinated axons. Dendritic protrusions often protruded from dendritic shafts, displayed rounded morphologies, no mitochondria, and sometimes contained electron-dense accumulations (postsynaptic densities) at synaptic contact sites with axon terminals. Axon terminals included 40 nm diameter synaptic vesicles, contained mitochondria, had rounded to elongated morphologies and synaptic contacts with dendritic shafts and protrusions. Astrocytes were electronlucent structures encasing other elements. Microglial processes displayed irregular contours with obtuse angles, distinctive long stretches of endoplasmic reticulum, electron-dense cytoplasm, numerous large vesicles, occasional multi-vesicular bodies, vacuoles or cellular inclusions, and distinctive surrounding extracellular space. [21] [22] [23] Glial structures were grouped into one category for this study.
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